) and 3' (amplified with primers JC184/JC185) noncoding regions (NCRs) 119 of the CNB1 ORF were PCR amplified from genomic DNA of the genome-sequenced reference 120 strain MYA3404 (26). The 4.2 kb SAT1 flipper sequence was amplified from plasmid pSFS2A 121 (25) with primers JC17/JC18. The three PCR products were treated with ExoSAP-IT (USB corp.) 122 to remove contaminating primers and dNTPs, and then combined in a 1:3:1 molar ratio (5' 123
CNB1
NCR : SAT1 flipper : 3' CNB1 NCR ) to generate the disruption allele by overlap PCR using 124 flanking primers JC186/JC187 (~100 bp closer to the CNB1 ORF compared with JC182/JC185, 125 respectively, reserving primers JC182/JC185 for further integration confirmation), resulting in an 126 ~6 kb 5'CNB1 NCR -SAT1 flipper-3'CNB1 NCR CNB1 disruption allele. 127
The first allele of the CNB1 gene was disrupted in the wild type MYA3404 by 128 transformation with 0.2 to 1 μg of gel-purified disruption DNA using the Frozen-EZ Yeast 129
Transformation Kit (Zymo Research). Two independent heterozygous nourseothricin-resistant 130 mutants (YC130 and YC132, 
NCR with JC400/185 from the second wild-type allele and mixed these with the SAT1 138 flipper to produce an overlap-PCR CNB1 disruption allele specific for the second allele of the 139 CNB1 gene. After transformation, two independent nourseothricin-resistant homozygous 140 cnb1/cnb1 mutants (YC454 and YC466) derived from two separate transformations were 141 obtained (Table 1) . 142
A similar approach was employed to disrupt the CRZ1 gene, with ~1 kb 5' and 3' noncoding 143 regions for homologous recombination. To generate the ~6.0 kb CRZ1 disruption allele, the 144 overlap PCR DNA products 5'CRZ1 NCR (amplified with primers JC215/JC216), SAT1 flipper 145 (amplified with primers JC17/JC18), and 3'CRZ1 NCR (amplified with primers JC217/JC218) 146 were mixed in a 1:3:1 molar ratio and amplified with primers JC219/JC220 (~100 bp closer to 147 the CRZ1 ORF compared with JC215/JC218, respectively). A similar approach was used to 148 disrupt the second allele of the CRZ1 gene. We amplified 5' CRZ1 NCR with JC215/JC405 and 3' 149 CRZ1 NCR with JC406/218 from the second CRZ1 allele. Two independent nourseothricin-150 resistant crz1/crz1 mutants (YC494 and YC499, 
Growth curve and doubling time measurement

162
To determine whether the loss of calcineurin and Crz1 affects cell growth at 37°C, we 163 measured the growth curves and doubling times of strains. For growth curves, cells were grown 164 overnight at 30°C, washed twice with dH 2 O, diluted to 0.1 OD 600 /ml in fresh YPD medium, and 165 incubated at 37°C with shaking at 200 rpm. The OD 600 of cultures was measured at 0, 3, 6, 9, 12, 166 24, 48, 72 , and 96 hours via microplate spectrophotometer readings (Spectra MAX 190, 167 Molecular Devices). The experiments were performed in triplicate, and the data were plotted 168 using Prism 5.03. 169
The doubling time was calculated by using the formula T * ln2/(ln (OD   T   /OD  T0 ) where OD   T   170 and OD T0 represent OD 600 at time T and initial time (T 0 ), respectively. The log phase time points 171 were chosen from 0 to 6 hours. 172
173
Murine systemic infection model
174
Five-to six-week-old male CD1 mice from the Jackson Laboratories (n=10 for each group, 175 9 for the wild type) were used in this study. This was a single experiment because 10 mice per 176 group was sufficiently powered to obtain statistically significant P values. C. tropicalis strains 177 were grown in 5 ml YPD overnight at 30°C with shaking at 250 rpm. Cultures were washed 178 twice with 10 ml of phosphate buffered saline (PBS), and the cells were then resuspended in 2 ml 179 of PBS. Cells were counted with a hemocytometer and resuspended in an appropriate amount of 180 PBS to obtain an infection inocula of 2.5 x 10 7 cells/ml. Two hundred microliters (5 x 10 6 cells) 181 were used to infect mice by lateral tail-vein injection. The course of infection was monitored for 182 up to 42 days. The survival of mice was monitored twice daily, and moribund mice (unable to eat 183 or drink, body weight reduced by >30%, or hunched) were euthanized with CO 2 . All 184 experimental procedures were carried out according to NIH guidelines and Duke IACUC 185 protocols for the ethical treatment of animals. Appropriate dilutions of the cells were plated onto 186 YPD and incubated at 30°C for 48 hr to confirm CFU and viability. 187
To determine fungal burden, both kidneys and the spleen of C. tropicalis infected mice (n=5 188 for each strain) were dissected at day 10 post infection. Half organ portions were weighed, 189 transferred to a 15-ml Falcon tube filled with 5 ml PBS, and homogenized for 10 sec at 13,600 was removed with a a sterile cotton swab. Eyes were superficially scarified before applying the 238
inoculum. An inoculum with 10 8 CFU per 5 L dose was distributed uniformly by rubbing the 239 eye for a few seconds with the eyelid. Sterile PBS was applied in negative controls. Clinical 240 scoring of disease severity of fungal keratitis was assessed for 8 days as described previously 241 (27). The visual scoring system (28) evaluates three physical features of the eyes, namely (i) area 242 of opacity, (ii) density of opacity, and (iii) surface irregularity. A grade of 0 to 4 was assigned for 243 each of these parameters to yield a maximum score of 12. Three mice at 4 and 8 days post 244 infection (PI) were sacrificed by cervical dislocation. For mice groups showing low infection 245 rates (< 6 mice), only 1-2 eyes were evaluated for histological evaluation after 8 days. Eyes were 246 removed and fixed in neutral formalin solution (10% formaldehyde in PBS) before being 247 submitted for histological staining and examination. Two-group comparisons were analyzed 248 using a Student's t-test. A p value < 0.05 was considered statistically significant. pathogens (24), we hypothesized that calcineurin signaling might be required for the dimorphic 266 transition. To test this hypothesis, we disrupted the calcineurin (CNB1) and CRZ1 genes in the 267 genome sequenced C. tropicalis MYA3404 isolate (26). Here, we investigated the roles of 268 calcineurin and Crz1 in hyphal growth. We demonstrated that calcineurin and Crz1 are required 269 for hyphal growth in filament-inducing spider medium (carbon source starvation), while 270 calcineurin but not Crz1 controls hyphal growth in other filament-inducing media [50% serum or 271 SLAD (nitrogen source starvation)] or nutrient-rich YPD medium (Fig. 1A) . In liquid 100% 272 serum, calcineurin mutants also exhibited attenuated hyphal growth, while crz1/crz1 mutants 273 showed wild-type hyphal growth (Fig. 1B) . Under high resolution scanning electron microscopy, 274 we found that calcineurin mutants exhibited mainly yeast and a few pseudohyphal forms, while 275 crz1/crz1 mutants exhibited wild-type hyphae and invasive growth in solid 50% serum agar 276 medium (Fig. 2) . 277 278
Deletion of calcineurin and Crz1 attenuates virulence in mice 279
It has been demonstrated that C. tropicalis exhibits greater or reduced virulence in animal 280 infection models when compared to several C. albicans strains (29-31). However, in general, C. 281 tropicalis is considered to be the second most virulent Candida species in mice, after C. albicans. 282
Previous studies showed that C. tropicalis is able to colonize and form hyphae in murine kidneys 283 (29). Here, we found that C. tropicalis calcineurin mutants (YC454 and YC466) exhibited 284 significantly attenuated virulence based on survival curves when compared with the wild type (P 285 < 0.0001) (Fig. 3A) . C. tropicalis wild-type strain MYA3404 caused 100% mortality of mice by 286 day 10, while independent calcineurin mutants only resulted in 10% mortality, even after 42 days 287 (Fig. 3A) . Interestingly, the crz1/crz1 mutants (YC494 and YC499) exhibited intermediate 288 virulence between the wild-type and calcineurin mutants (P<0.001 compared to wild-type; 289 P<0.005 compared to calcineurin mutants). This suggests that calcineurin control of pathogenesis 290 in mice is in part mediated by Crz1 in C. tropicalis (Fig. 3A) . 291
To determine colonization ability, we performed fungal burden analyses in the kidneys and 292 spleens of mice infected with the wild type and mutant strains. In contrast to C. glabrata, but 293 similar to C. albicans and C. dubliniensis, C. tropicalis wild-type preferentially colonizes the 294 kidneys rather than the spleen (Fig. 3B) . The calcineurin mutants exhibited a 736-fold and 13-295 fold-reduced fungal burden in the kidneys (P = 0.01) and spleens (P = 0.05), respectively, 296 compared with the wild type (Fig. 3B) . Meanwhile, the crz1/crz1 mutants (YC494 and YC499) 297 on November 6, 2017 by guest http://ec.asm.org/ Downloaded from exhibited a 5.2 and 4.8 fold-reduced fungal burden in the kidneys (P = 0.04) and spleens (P = 298 0.12), respectively, compared with the wild type (Fig. 3B) . Taken together, mice infected with 299 calcineurin and crz1/crz1 mutants exhibited a reduced fungal burden in the kidneys and a 300 marginally reduced fungal burden in the spleen (Fig. 3B) . 301
In histopathological analyses, similar to published studies for C. albicans and C. 302 dubliniensis (27, 32), GMS-stained kidney tissues revealed that the C. tropicalis wild-type strain 303 readily forms hyphae and proliferates extensively (Fig. 4, left panel) . Here, we demonstrated that 304 C. tropicalis calcineurin mutants have impaired ability to colonize kidney tissues, while 305 crz1/crz1 mutants continued to form hyphae in the kidneys ( Fig. 4; left panel) . Colonization by C. 306 tropicalis wild type and mutants was not observed in the spleen (data not shown). In the H&E 307 staining, tissue damage or necrosis was only observed in mice infected with the wild type or 308 crz1/crz1 mutants, but not in those that were infected with the calcineurin mutants (Fig. 4, immunocompromised mouse model using a slightly modified version of the previously described 318 experimental keratomycosis protocol (27). C. tropicalis wild-type resulted in visible and 319 persistent keratitis in immunocompromised mice (15/15, 100%) (Fig. 5A) . Disease scores pooled 320 (Day 1 = 7.8 ± 1.6) and then developed into severe infection by the 2 nd day (9.3 ± 1.3) which 322 persisted until the end of the 8-day observation period. We also evaluated clinical manifestations 323 of keratitis such as corneal opacity, inflammation, and ulcerations (28, 38). Calcineurin mutants 324
showed attenuated virulence in mice as shown by lower visible keratitis and mean keratitis 325 scores (Figs. 5A and 5B). Independent calcineurin mutants caused an average of ~43% of the 326 wild-type level of keratitis in mice (Fig. 5A ). Mean keratitis scores observed for either of the 327 calcineurin mutants were significantly lower than the wild-type (p<0.001; Student's t test) 328
indicating an important role of calcineurin in corneal virulence of C. tropicalis. However, the two 329 independent C. tropicalis crz1/crz1 mutants caused an average of 83% of the wild-type level of 330 keratitis with a mean keratitis score of 8.3, and thus exhibited corneal virulence similar to the 331 wild-type. (Fig. 5) . 332
333
Calcineurin is required for cell wall integrity and drug tolerance in C.
tropicalis
335
A straightforward explanation for the attenuated virulence of C. tropicalis calcineurin 336 mutants is their hyphal growth defects ( Figs. 1 and 2 ). However, it is possible that other 337 mechanisms are required for calcineurin to establish and maintain infections. The maintenance of 338 cell wall integrity is important for virulence in multiple fungal pathogens (24, (39) (40) (41) . 339
Nevertheless, the roles of C. tropicalis genes involved in cell wall integrity remain unclear. Here, 340
we demonstrated that calcineurin is essential for cell wall integrity based on the sensitivity of 341 calcineurin mutants to SDS (compromising cell wall integrity), congo red (intercalating between 342 glucan polymers), or tunicamycin (blocking the sysnthesis of N-linked glycoproteins) (Fig. 6A) . 343 on November 6, 2017 by guest http://ec.asm.org/
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However, the crz1/crz1 mutants did not exhibit sensitivity to these cell wall perturbing agents 344 (Fig. 6A) , suggesting calcineurin control of cell wall integrity is either Crz1-independent or Crz1 345 is redundant with other factors or pathways (Fig. 7) . 346
Antifungal drug resistant C. tropicalis isolates are frequently isolated from patients with 347 candidemia or leukemia, and can pose treatment challenges (10, 12, 15, 42, 43) . Calcineurin is a 348 potential drug target based on its requirement for drug tolerance and virulence in multiple fungal 349 pathogens (24, (44) (45) (46) crz1/crz1 mutants showed sensitivity compared to the wild-type (Fig. 6D) . In response to other 370 cations, we demonstrated that calcineurin, but not Crz1, is required for Mn 2+ homeostasis, while 371 both calcineurin and Crz1 did not appear to be involved in Na + or Li + homeostasis (Fig. 6D and  372 data not shown). 373
374
DISCUSSION 375
Roles of calcineurin and Crz1 in hyphal growth of C. tropicalis 376 Whether C. tropicalis forms pseudohyphae, hyphae, or both is thought to be isolate and 377 medium dependent. Our data suggests that C. tropicalis is able to form hyphae (Fig. S3) and 378 pseudohyphae (data not shown) on cornmeal solid agar medium. However, so far, the genes 379 involved in hyphal growth, a potential phenotype linked to virulence of C. tropicalis, are unclear. 380
Calcineurin is required for hyphal growth in C. dubliniensis (27), but any role in C. albicans 381 hyphal growth is unclear because two groups including our own were unable to find a role for 382 calcineurin in hyphal growth (45, 56), while another group reported that calcineurin mutants 383 exhibited hyphal growth defects on filament-inducing solid media (46). Our data suggest that 384 calcineurin is critical for hyphal growth of C. tropicalis (Figs. 1 and 2) , and hence similar to 385 calcineurin roles in hyphal growth of the related species C. dubliniensis. However, the 386 mechanisms via which calcineurin controls the dimorphic transition of C. tropicalis remain to be 387 clarified. It is possible that calcineurin regulates downstream targets important for hyphal growth. 388
One target is the transcription factor Crz1, which serves as a calcineurin target in both S. 389 cerevisiae and C. albicans (57, 58) . The roles of Crz1 in hyphal growth of C. albicans remain 390 elusive because Karababa et al. reported that Crz1 is required for hyphal growth but Noble et al. 391 demonstrated that Crz1 is not critical for hyphal growth in a systematic screen (57, 59). However, 392 similar to C. dubliniensis (27, 57), we demonstrated that C. tropicalis Crz1 is critical for hyphal 393 growth on spider media (carbon source starvation), suggesting the hyphal growth machinery 394 involves Crz1-dependent calcineurin signaling (Fig. 7) and is conserved in the two related 395 species C. dubliniensis and C. tropicalis. between the wild-type and calcineurin mutants (Fig. 3A) . The straightforward explanation for the 402 reduced virulence of C. tropicalis calcineurin and crz1/crz1 mutants observed in the murine 403 systemic infection model is that these mutants exhibit hyphal growth defects. In addition, the 404 virulence defects may be in part attributable to cell wall integrity defects of calcineurin mutants 405 (Fig. 6) . It is also possible that the loss of calcineurin or Crz1 results in reduced growth at 37°C, 406 and hence affects virulence properties of strains. However, we eliminated this possibility based 407 on similar growth curves and doubling times at 37°C (Fig. S5) (27) . 417
In addition to being frequently isolated from patients (11, 17, (60) (61) (62) , C. tropicalis has also 418 been isolated from the mouse intestine (where it constitutes up to 65% of the overall fungal 419 component) (63), and environmental compost and soil (11, 64) . Previous studies suggest that C. 420 tropicalis can be transferred by hand to hand contact (65), indicating a potential route for human-421 human transmission. Further studies to assess if C. tropicalis strains isolated from patients 422 originate from an environmental source, and whether calcineurin is critical for the growth of C. 423 tropicalis isolated from patients and the environment, will be important. 424
Mouse toll-like receptor 4 (TLR4) is a pattern recognition receptor that recognizes 425 lipopolysaccharides from Gram-negative bacteria and initiates innate immunity. TLR4 has been 426 demonstrated to play a role against Aspergillus fumigatus infection in a murine keratitis model 427 (66), while it may play a role in defending C. albicans dependent upon the strains used (67). In 428 previous studies we demonstrated that mouse TLR4 is not critical for defense against C. glabrata 429 infection in a murine urinary tract infection model (52). Using C3H/HeJ mice with a TLR4 430 mutation compared to C3H/HeOuJ mice with wild-type TLR4, we found that mouse TLR4 is not 431 required for defense against C. tropicalis in a murine systemic infection model (Fig. S4) . 432 433 Roles of calcineurin and Crz1 in drug tolerance of C. tropicalis 434 C. tropicalis calcineurin mutants are sensitive to cell wall perturbing agents such as SDS, 435 congo red, and tunicamycin (Fig. 6A) , indicating that these mutants might be susceptible to 436 antifungal drugs that target the cell wall. Indeed, these calcineurin mutants are susceptible to 437 echinocandins such as caspofungin, micafungin, and anidulafungin ( Fig. 6B and Table 2 ). 438
Meanwhile, C. tropicalis calcineurin mutants were found to exhibit susceptibility to azoles in E-439 test strip analyses and spot dilution assays on solid medium (Table 2 and Fig. 6C ). Interestingly, 440
we found that the difference between wild-type and calcineurin mutants based on spot dilution 441 assays can only be seen at extremely high concentration of azoles (i.e. 150 g/ml of fluconazole), 442 which is in contrast to 1 g/ml of fluconazole that allowed us to observe a difference between 443 wild-type and calcineurin mutants in C. albicans and C. dubliniensis (27) . The difference might 444 be due to the fact that 1) C. tropicalis is intrinsically more tolerant to azoles than C. albicans and 445 C. dubliniensis, and/or 2) C. tropicalis exhibited faster growth/metabolism rate than C. albicans 446 and C. dubliniensis.
In summary, we demonstrate that calcineurin controls hyphal growth (in 447 response to carbon source starvation), virulence (in a murine systemic infection model), and drug 448 tolerance (micafungin) and that these functions are in part dependent upon Crz1 in C. tropicalis 449 (Fig. 7) . Meanwhile, C. tropicalis calcineurin has Crz1-independent functions (or Crz1 function 450 is redundant with other factors) for hyphal growth induced by serum or SLAD medium (nitrogen 451 source starvation), cell wall integrity, and tolerance to caspofungin, anidulafungin, or Mn 2+ (Fig.  452   7) . Interestingly, Crz1 plays a positive role, while calcineurin serves as a negative regulator, of 453 Ca 2+ tolerance functions (Fig. 7) . 
FIGURE LEGENDS 694
Figure 1. Calcineurin is required for hypahl growth in C. tropicalis. 695
